Introduction
============

Diabetic nephropathy (DN) is one of the most serious microvascular complications of diabetes and the leading cause of end-stage renal disease (ESRD) worldwide [@B1]. DN is clinically characterized by the development of proteinuria followed by decreased glomerular filtration [@B2]. Pathological features of DN include mesangial expansion, caused by the proliferation of mesangial cells and the excessive accumulation of extracellular matrix, which will lead to kidney fibrosis [@B3], [@B4]. Therefore, inhibiting proliferation of mesangial cells is regarded as an effective strategy to ameliorate DN. Despite substantial progress made in recent decades, the mechanism involved in mesangial dysfunction is not fully understood. Therefore, effective agents for prevention and treatment of DN are still in need.

Triptolide (TP) is a major active component of Tripterygium wilfordii Hook F (TWHF), which exerts immunosuppressive and anti-inflammatory therapeutic effects [@B5]-[@B7]. In addition, it was also found to decrease proteinuria in polycystic kidney disease [@B8], [@B9], experimental membranous nephropathy [@B10] and IgA nephropathy [@B11]. The improvements of inflammation [@B12], oxidative stress [@B13] and immunity [@B14] are all involved in the protective roles of TP in different kinds of kidney diseases. But the effect and mechanisms of TP on DN are still not very clear.

Glomerular mesangial cells play important roles in mesangial matrix homeostasis, regulation of glomerular filtration rate, and phagocytosis of apoptotic cells in the glomerulus [@B15]. As over- proliferation is one of the typical characters of diabetic mesangial cell dysfunction, we wondered that TP might exert a protective role through this mechanism. It has been reported that TP might prevent diabetic glomerular fibrosis by inhibiting the expression of extracellular matrix proteins and the proliferation of glomerular mesangial cells, which might in relationship with the suppression of TGF-β1 [@B16]. Despite these studies, the protective mechanisms of TP in DN remain largely unknown.

3-Phosphoinositide dependent protein kinase-1 (PDK1), an ancient serine-threonine kinase belonging to AGC kinase family, is a key element of signaling transduction activated by extracellular ligands, such as growth factors [@B17], [@B18]. PDK1 has the ability to promote cell proliferation by activating the Akt pathway [@B19], [@B20]. In addition, PDK1 also has tight contact with diabetes [@B21]-[@B23]. Few studies reported that PDK1 might participate in the progression of DN through regulating the apoptosis of podocytes [@B24], [@B25]. However, it is not clarified that whether PDK1 mediates the glomerular mesangial cell proliferation in DN. In this study, we examined the effect of TP on DN and mesangial cell proliferation. Besides, we also discussed whether PDK1/Akt pathway mediated the protection role of TP in DN.

Results
=======

TP improves urine microalbumin and glomerulosclerosis in the high fat diet (HFD)/ streptozocin (STZ) induced diabetic rats
--------------------------------------------------------------------------------------------------------------------------

Firstly, we examined that whether TP has a protective effect on DN by using the HFD/STZ induced diabetic rats. We found that TP significantly decreased the relative kidney weight, which reflects kidney hypertrophy, and the 24 h urine microalbumin (UMA) with the blood glucose unaltered (Figure [1](#F1){ref-type="fig"}A-C). Serum creatinine (Scr) and blood urea nitrogen (BUN) did not differ among the three groups (Figure [1](#F1){ref-type="fig"}D and E). Hematoxylin and eosin (HE) and periodic acid-Schiff (PAS) staining were performed to examine the kidney pathologic changes. The images in Figure [1](#F1){ref-type="fig"}F revealed that deposited mesangial matrix, mesangial expansion and the fractional mesangial area were significantly higher in the DN group compared with the NC group, while they were significantly improved by TP treatment.

TP decreases cell proliferation in the kidney of HFD/STZ induced diabetic rats
------------------------------------------------------------------------------

In our current results, the phosphorylation of Akt and mTOR was significantly increased in the diabetic kidney compared with that in the NC group (Figure [2](#F2){ref-type="fig"}A-C). The protein expression of Ki-67 and proliferating cell nuclear antigen (PCNA) in DN group, markers of proliferating cells, was increased than that in the NC group. Compared with DN group, TP significantly reduced the protein expression of Ki-67 and PCNA (Figure [2](#F2){ref-type="fig"}D-F). In addition, we also evaluated the cell proliferation in glomerular by immunohistochemistry (IHC) and found that Ki-67-positive cells and PCNA-positive cells were increased in the DN group, but was reduced by TP (Figure [2](#F2){ref-type="fig"}G).

TP suppresses high glucose (HG)-induced proliferation in human renal mesangial cells (HRMCs)
--------------------------------------------------------------------------------------------

After confirming the protective role of TP *in vivo*, we further examined the effect of TP on HRMCs proliferation. Our results of 3-(4,5-dimethyl-2-thiazol)-2,5-diphenyl-2H-tetrazolium bromide (MTT) showed that HG markedly increased the cell number, while TP significantly suppressed the cell number (Figure [3](#F3){ref-type="fig"}A). Then we determined the patterns of cell cycle distribution by flow cytometry. As the data shown, compared with normal control, HG induced a decrement of cell proportion in G0-G1 phase from 61% to 40% (*P*\<0.05), and an increment in S phase from 30% to 41% (*P*\<0.05) and G2-M phase from 8% to 18% (*P*\<0.05). However, TP significantly increased the cell proportion in G0-G1 phase to 55% (*P*\<0.05), decreased the cell proportion in G2-M phase to 38% (*P*\<0.05), and decreased the cell proportion in S phase to 5.7% (Figure [3](#F3){ref-type="fig"}B and C).

TP inhibits HG-induced activation of Akt/mTOR pathway in HRMCs
--------------------------------------------------------------

In our current results, Akt/mTOR pathway was significantly activated in the HG-treated HRMCs, while was suppressed by TP (Figure [4](#F4){ref-type="fig"}A-C). Besides, we also examined the expression of the proliferating cell markers, Ki-67 and PCNA, which were also significantly suppressed by TP, as verified by western blot and immunofluorescence (Figure [4](#F4){ref-type="fig"}D-G).

TP inhibits PDK1 activation both *in vivo* and *in vitro*
---------------------------------------------------------

We firstly investigated the protein expression of PDK1 in the kidney of DN group and found it was significantly upregulated, but was downregulated by TP (Figure [5](#F5){ref-type="fig"}A and B). Moreover, the expression of PDK1 was significantly increased in the cell cultured with HG compared to normal controls. However, TP significantly suppressed the activated PDK1 in the cultured HRMCs (Figure [5](#F5){ref-type="fig"}C and D).

The anti-proliferation role of TP is in association with its suppression of PDK1
--------------------------------------------------------------------------------

To explore the underlying mechanisms, we examined the role of PDK1 in TP-potentiated anti-proliferation by using a PDK1 activator (PS48). As our MTT results shown, the inhibition role of TP in cell number was significantly reversed by PS48 (Figure [6](#F6){ref-type="fig"}A). We also assessed the effect of PS48 on cell cycle distribution by flow cytometry. TP significantly increased the cell proportion in G0-G1 phase and decreased the cell proportion in G2-M and S phase. However, the effect of TP on cell cycle distribution was all reversed by PS48 (Figure [6](#F6){ref-type="fig"}B and C). In addition, suppression of PDK1/Akt/mTOR pathway by TP in HG-treated HRMCs was also reversed by PS48 (Figure [6](#F6){ref-type="fig"}D), as well as the expression of Ki-67 and PCNA (Figure [6](#F6){ref-type="fig"}E and F). These data suggested that TP might suppress glomerular mesangial cell proliferation through the inhibition of PDK1.

Discussion
==========

Mesangial cell proliferation has been identified as main contributing factors to glomerulosclerosis, which is typical of DN [@B26]. In this study, we demonstrated that TP could decrease the albuminuria in HFD/STZ-induced diabetic rats. Our results suggested that the underlying mechanisms might be the inhibition of mesangial cell proliferation. Importantly, TP can inhibit the activation of PDK1/Akt/mTOR pathway in the kidney of HFD/STZ-induced diabetic rats and in HRMCs cultured with HG. PDK1 activator, PS48, has the ability to reverse the cell proliferation inhibition role of TP in vitro. Thus, we have identified that the activation of PDK1/Akt/mTOR pathway may be a novel player in DN and TP could suppress mesangial cell proliferation via inhibition of PDK1/Akt/mTOR pathway.

TP, the major active compound extracted from a traditional Chinese medicinal herb TWHF, is found to have effect on many kind of kidney diseases [@B8]-[@B11], as well as DN [@B14], [@B27]-[@B29]. In this study, we did find that TP decreases albuminuria in HFD/STZ-induced diabetic rats, which are consistent with previously reported [@B14], [@B27]-[@B29]. Based on the results, we further discussed the related mechanisms underlying the protective role of TP.

Mesangial expansion, caused by cell over-proliferation, is the lesion leading to the loss of glomerular filtration rate and is present in DN patients before the onset of clinical manifestations [@B30]. Therefore, inhibition of mesangial cell proliferation is now considered one of the targets in the prevention and retardation of DN. Previous study demonstrated that TP was effective in suppressing cancer cell proliferation [@B31]-[@B33]. But it is unknown that whether TP has an effect on mesangial cell proliferation under diabetic conditions. Based on the results of MTT and cell cycle analysis, we confirmed that TP significantly inhibited mesangial cell proliferation, which is consistent with previous report [@B16]. These data suggested that TP might be useful in preventing the diabetic glomerulosclerosis.

After then, we further discussed the underlying mechanisms. PDK1 can activate Akt kinase on the activation loop at T308, promoting full activity of Akt [@B20]. In addition, the constitutive activity of PDK1 is a critical regulator of several other important signal transduction pathways that regulate cell proliferation, survival and apoptosis. It has been proved that the activation of PDK1 could upregulate cyclin D1 during cell cycle progression from G0-G1 to S phase [@B34]. Moreover, PDK1 is also involved in many physiology and pathology changes, such as basilar artery smooth muscle cells proliferation [@B35], autosomal dominant polycystic kidney disease [@B36] and insulin resistance [@B37]. In addition, the role PDK1 plays in chronic kidney disease is drawing more and more attention [@B38]. Although, there were few studies reported that PDK1 might regulate the apoptosis of podocytes in DN [@B24], [@B25]. However, it remains largely unknown that whether PDK1 mediates the glomerular mesangial cell proliferation in DN. In this study, we found that the expression of PDK1 was significantly activated in the glomerular of the diabetic rats and in the HG-treated HRMCs. The results mentioned above suggested that PDK1 might participate in the pathologies of DN. The PDK1 activator PS48 was used to verify the related mechanisms. The results turned out that the inhibition role of TP in mesangial cell proliferation and in Akt/mTOR pathway was both reversed by PS48, suggesting that TP might exert the cell proliferation inhibition role by suppressing the expression of PDK1. Previous studies have shown that TP might exert its protective role through working on microRNA [@B27], TGF-β1[@B16], oxidative carbonyl protein [@B13] and so on. However, our data might provide a new target for TP and for treating DN.

Taken together, our study highlight that TP is effective in decreasing the albuminuria in DN, which might be in relation with the inhibition of mesangial cell proliferation. And the suppression of PDK1/Akt/mTOR pathway may well explain the cell proliferation inhibition role of TP.

Materials and Methods
=====================

Animal models
-------------

All animal experiments complied with rules of Experimental Animal Care and Use Center in Tianjin Medical University. The protocol was approved by Experimental Animal Ethical Committee of Tianjin Medical University. Thirty-two male Sprague-Dawley (SD) rats of age six weeks and weight 170 ± 10 g were originally obtained from Beijing HFK Bio-Technology Co. Ltd. All rats were first fed with regular rodent chow for one week to adapt and housed in a controlled room at 22 °C with a 12 h day/night cycle. Eight rats were chosen as normal controls (NC group, n = 8) and fed with a standard diet. The rest of them (n = 24) were fed with HFD (Beijing HFK Bio-Technology Co. Ltd) for 6 weeks, which consists of 78.7% standard diet, 10% glucose, 10% animal fat, 1% total cholesterol, and 0.3% sodium cholate. After that, diabetes was induced in the rats fed with HFD by intraperitoneal injection of STZ (Sigma Aldrich, St. Louis, MO, USA) (30 mg/kg) for three consecutive days as previously reported [@B39]. At the same time, the NC group was injected with citrate-phosphate buffer. The rats were examined 72 h later and those with plasma glucose levels over 16.7 mmol/L were classified as diabetic. Four rats injected with STZ failed to meet the criterion of diabetes and were excluded. Two weeks later, rats with 24 h UMA levels over 30 mg were considered to have DN. The DN rats (n = 20) were randomly divided into diabetic group (DN group, n =10) and TP (Chinese National Institute for the Control of Pharmaceutical and Biological Products)-treated group (DN+TP group, n = 10). The DN+TP group was applied daily with TP (100 ug/kg/d) by oral gavage for 12 weeks [@B10]. While the DN group was given an oral dose of 1 ml normal saline solution containing 0.4% dimethyl sulfoxide as control. All rats had free access to food and water during the whole experimental time.

Body weight was monitored daily and blood glucose was tested weekly using the blood drawn from tail vein by a glucose analyzer (Roche, Germany). At the end of study, all rats were placed in individual metabolic cage to collect 24 h urine samples for the measurement of UMA. UMA was determined by the Bradford method. The rats were weighted and anesthetized with intraperitoneal injection of sodium pentobarbital (30 mg/kg body weight). Blood was collected from the inner canthal orbital vein. BUN and Scr were examined by an automatic biochemistry analyzer (CD-1600CS, Abbott Labs, USA). The kidneys were immediately removed and the left one was weighted. One kidney was placed in liquid nitrogen and stored at -80 °C, the other one was fixed with 4% paraformaldehyde.

Cell culture and treatment
--------------------------

Human renal mesangial cells (HRMCs, American Type Culture Collection, Rockville, MD, USA) were cultured with 1640 media, containing 10% fetal bovin serum (Gibco) at 37 °C in 5% CO~2~. Cells were cultured with D-glucose (Life Technologies) at normal (5.5 mmol/L) or high (25 mmol/L) concentrations in serum-free medium. D-Mannitol (25 mmol/L, Life Technologies) was used for a control of osmolality. TP was reconstituted in 0.01% dimethyl sulfoxide and freshly diluted with culture medium to 10 ug/L before using. To determine the specific role of PDK1 in TP-potentiated anti-proliferation, we applied 5 μmol/L PS48 (MedChem Express, USA) following the treatment of TP.

Cell proliferation assay
------------------------

MTT assay was used to detect cell proliferation. HRMCs were seeded at a density of 1x10^5^/ml into 96-well plates. After 12, 24, 48 and 72 h incubation with different compounds as described above, 20 ul MTT (5 mg/mL, Invitrogen, USA) was added to each well. Cells were then cultured for an additional 2 h and subsequently lysed using dimethylsulfoxide (150 ul/well; Sigma, USA). When the formazan crystals completely dissolved, the optical density (OD) was measured at 570 nm. The arithmetic mean OD of six wells for each group was calculated.

Cell cycle analysis
-------------------

Cell cycle analysis was performed using flow cytometry. After 72 hours of treatment, the cells were harvested by trypsinization and washed twice with cold phosphate buffer saline buffer, and then fixed with 75% alcohol for 12 h at 4 °C. After washing, cells were treated with RNase (50 ug/mL) at 37 °C for 30 min. Cells were stained with propidium iodide (50 ug/mL) at 4 °C for 30 min in the dark before being analyzed with a BD FACSCalibur flow cytometer (BD Pharmingen, USA). 1×10^6^ cells were detected for each sample and the cell cycle was analyzed using Modfit software (Verity Software House, USA).

Histology
---------

Kidney tissues were fixed in 4% paraformaldehyde, embedded in paraffin and cut into 4 *u*m thick sections. The kidney sections were stained with a HE staining kit (Baibo Biotechnology Co., Ltd., China) and a PAS staining kit (Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer\'s protocols. For kidney tissue IHC experiment, kidney slides were blocked for 10 minutes with 3% (v/v) hydrogen peroxide following deparaffinization and rehydration. Sections were then treated with antigen retrieval solution, washed, permeabilized, and blocked. After that, primary antibodies were added overnight at 4 °C as follows: Ki-67 (1:100, Proteintech, USA) and PCNA (1:100, Proteintech, USA). After co-staining for 1 h with an anti-rabbit or mouse, horseradish peroxidase labeled polymer secondary antibody at 37 °C, the stained sections were examined by a blinded manner using light microscopy (Olympus BX-50, Olympus Optical, Tokyo, Japan) in ten randomly selected cortical sections (×400). For cell immunostaining experiment, all procedures were same as IHC analysis. After incubating with primary antibody of Ki-67 or PCNA, the slides were serially incubated with goat anti-rabbit IgG/FITC (1:100, Proteintech, USA) or goat anti-mouse IgG/TRITC (1:100, Proteintech, USA). After that, 4\',6-diamidino-2-phenylindole (DAPI) was used to stain the cell nucleus. Slides were captured by a Leica DMI4000 B automated inverted microscope equipped with a Leica DFC300 FX camera.

Western blotting
----------------

Total protein in cells and renal cortical tissues was extracted with a protein extraction reagent (Thermo, USA) according to the manufacturer\'s instructions. After concentrations tested, separation of protein extracts (40 μg/lane) was accomplished with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (10%). The proteins were transferred onto polyvinylidene fluoride membrane (Millipore, USA). The membranes were incubated overnight with primary antibodies. The primary antibodies and their dilutions used were as follows: PDK1 (1:1000, Cell Signaling Technology, USA), total-Akt (1:2000, Cell Signaling Technology, USA), phosphorylation-Akt (1:1000, Cell Signaling Technology, USA), total-mTOR (1:2000, Cell Signaling Technology, USA), phosphorylation-mTOR (1:1000, Cell Signaling Technology, USA), Ki-67 and PCNA (all diluted as 1:1000, Proteintech, USA). After washing, the secondary antibody was used for detection. Proteins were visualized by electrochemiluminescence (Advansta, USA). Intensity of the bands was analyzed with ImageJ software.

Statistical analyses
--------------------

SPSS 19.0 software (IBM Analytics, USA) was used for statistical analysis. All the values were expressed as mean ± Standard Deviation (S.D.). Data was analyzed using one-way analysis of variance (ANOVA) and post-hoc LSD-test. A value of*P* \< 0.05 was considered statistically significant.
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![**Effect of TP on blood glucose and renal function of HFD/STZ-induced diabetic rats.** (A-E) KW/BW (A), UMA (B), FBG (C), Scr (D) and BUN (E) levels of the rats were shown. (F) HE and PAS staining of the kidney sections. The scale bar represents 50 μm. Data were reported as mean ± S.D.. \**P* \< 0.05. KW/BW, kidney weight to body weight ratio; UMA, urinary microalbumin; FBG, fasting blood glucose; Scr, serum creatinine; BUN, blood urea nitrogen.](ijbsv13p1266g001){#F1}

![**Cell proliferation in the kidney of HFD/STZ-induced diabetic rats.** (A) Protein expression of Akt/mTOR signal pathway in the kidneys of rats. (B and C) Quantification of results in A. (D) Protein expression of Ki-67 and PCNA in the kidneys of rats. (E and F) Quantification of results in D. (G) Immunohistochemistry images of Ki-67 and PCNA. The scale bar represents 50 μm. Data were reported as mean ± S.D.. \**P* \< 0.05](ijbsv13p1266g002){#F2}

![**The effect of TP on HG-induced proliferation in HRMCs.** (A) MTT assay in the cells treated with HG for different times. \**P* \< 0.05 vs. Control group. (B and C) Flow cytometry analysis of cell cycle in the HRMCs treated for 72 h. Data were reported as mean ± S.D.. \**P* \< 0.05](ijbsv13p1266g003){#F3}

![**The effect of TP on proliferating cell markers in HG-treated HRMCs.** (A) Western blot images of Akt/mTOR pathway. (B) Quantification of protein expression of phosphorylation-Akt. (C) Quantification of protein expression of phosphorylation-mTOR. (D) Western blot images of Ki-67 and PCNA. (E) Quantification of Ki-67 protein expression. (F) Quantification of PCNA protein expression. (G) Immunofluorescence images of Ki-67 and PCNA. The scale bar represents 10 μm. Data were reported as mean ± S.D.. \**P* \< 0.05](ijbsv13p1266g004){#F4}

![**The effect of TP on PDK1 expression *in vivo* and *in vitro*.** (A) The expression of PDK1 in the kidney of HFD/STZ-induced diabetic rats. (B) Quantification of results in A. (C) The expression of PDK1 in HRMCs treated for 72 h. (D) Quantification of results in C. Data were reported as mean ± S.D.. \**P* \< 0.05](ijbsv13p1266g005){#F5}

![**PDK1 activator reversed the effect of TP on mesangial cell proliferation.** (A) MTT assay in the cells treated with HG for different times. \**P* \< 0.05 vs. Control group, \#*P* \< 0.05 vs. HG+TP group. (B and C) Flow cytometry analysis of cell cycle in the HRMCs treated for 72 h. (D) Protein expression of PDK1/Akt/mTOR pathway in HRMCs treated for 72 h. (E) Protein expression of Ki-67 and PCNA in HRMCs treated for 72 h. (F) Immunofluorescence images of Ki-67 and PCNA. The scale bar represents 10 μm. Data were reported as mean ± S.D.. \**P* \< 0.05; ns represents no significance](ijbsv13p1266g006){#F6}
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